Aims Nuclear factor-kB (NF-kB) plays a critical role in cell growth and inflammation during the progression of cardiac hypertrophy and heart failure. Several members of nuclear receptor superfamily, including liver X receptors (LXRa and LXRb), have been shown to suppress inflammatory responses, but little is known about their effects in cardiomyocytes.
Introduction
Cardiac hypertrophy is a major risk factor in the progressive development of heart failure, a leading cause of death. The heart copes with a wide range of pathological stimuli, such as arterial hypertension, valvular heart disease, myocardial infarction, mitochondria DNA mutations, and sarcomeric dysfunction by compensatory growth. 1, 2 Hypertrophic growth of the heart may be an adaptive response and when it is exhausted, the heart fails. Inflammation plays a prominent role in the progression of cardiac hypertrophy and heart failure. Activation of nuclear factor-kB (NF-kB) is intricately linked to cardiomyocyte hypertrophy, 3 largely by dramatic induction of inflammatory factors such as tumour necrosis factor-a (TNF-a), interleukin 6 (IL-6), monocyte chemotactic protein-1 (MCP-1), and others. Furthermore, mice with cardiac overexpression of TNF-a develop hypertrophic cardiomyopathy. 4 Although it has been well documented that angiotensin II (AngII) is a growth factor for many cells including cardiomyocytes, emerging evidence has also suggested that AngII induces inflammation via activating NF-kB in cardiomyocytes. 5 Intervention of AngII-induced cell growth and inflammatory responses is a potential therapeutic target for cardiac hypertrophy and heart failure. However, it has been difficult to identify tractable compounds for interfering myocardial inflammation and progression of cardiac hypertrophy to heart failure.
A handful of small molecules targeting to a variety of nuclear receptors have recently emerged as antiinflammatory compounds. 6 Liver X receptors (LXRs) are among these potential targets that may help to control inflammatory responses. LXRs were initially identified as members of the Class 2 superfamily of nuclear receptors by cDNA library screening for nuclear receptor homologs. [7] [8] [9] Two LXR isoforms, LXRa (NR1H3) and LXRb (NR1H2), have been identified in mammals and they share a high degree of amino acid similarity. 10 Both LXRa and LXRb function as heterodimers with the retinoid X receptor, and subsequently bind † The first two authors contributed equally to the study.
to specific DNA response elements within the regulatory regions of their target genes. 9 LXRs are sterol-responsive transcription factors that regulate expression of genes involved in cholesterol metabolism and homeostasis in various tissues and cells. 9, 11, 12 However, it remains unclear if LXRs play any roles in myocardial lipid metabolism. On the other hand, LXRs are also involved in inflammation and immune response. LXRa knockout (KO) and LXRa/LXRb double KO, but not LXRb KO mice, are more susceptible to intracellular pathogen Listeria monocytogenes, suggesting that LXRa plays an important protective role against this infection.
13 T1317, a synthetic ligand that targets both LXRa and LXRb, suppresses lipopolysaccharide (LPS)-induced expression of several proinflammatory proteins, such as IL-6 in mouse peritoneal macrophages.
14 LPS injection induces a greater increase in hepatic synthesis of TNF-a and a higher circulating IL-6 level in LXRa/LXRb double KO than in wildtype mice. Furthermore, T1317 reduces the secretion of TNF-a by Th1 lymphocytes. 15 The mechanism through which LXR agonists suppress the transcription of proinflammatory genes may include inhibition of NF-kB. 16, 17 However, it remains unclear if LXRs in the heart play any role in the development of cardiac hypertrophy.
In this study, we provide evidence to support that cardiac LXRs are negative regulators of cardiac hypertrophy via suppressing NF-kB signalling.
Methods

Experimental animals
Three-month-old male LXRa KO mice (C57/B6) (a generous gift from Dr David Mangelsdorf).
12 Age-and gender-matched wild-type mice (C57/B6) (Charles River) were used as control. Mice were kept on a 12 h/12 h light/dark cycle in temperature-controlled rooms and had ad libitum access to water and standard laboratory chow. All experimental procedures were conducted in accordance with the Guide for Care and Use of Laboratory Animals of the National Institutes of Health and were approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham.
Pressure overload-induced hypertrophy
The surgical procedure of transverse aortic coarctation (TAC) has been previously described. 19 Briefly, mice were anaesthetized with xylazine (5 mg/kg s.c.) and ketamine (100 mg/kg i.m.). Anaesthesia was maintained by isoflurane inhalation (1.5-2.5%). After opening the chest, the transverse aorta was ligated between the truncus brachiocephalicus and the left common carotid artery by tying a 6-0 silk suture against a 25 gauge needle. Sham mice underwent the same procedure without ligation of the aorta. Mice were sacrificed 14 days after TAC or sham operation. Cardiac hypertrophy was assessed by heart weight to tibia length ratio.
Culture of cardiomyocytes
Rat neonatal cardiomyocytes (RNCM) were isolated by using a cardiomyocyte isolation system (Worthington) with minor modifications as described previously. 13 Cardiomyocytes were then incubated for 24 h at 378C with serum-free medium. Cardiomyocytes were fixed and stained with Haematoxylin and Eosin; cell surface area was calculated by measuring 50 random cells with Image Pro MediaCybernetics.
Transcript analyses
Real-time PCR was performed to quantify relative transcript levels in the various treatment groups. Applied Biosystems reagents were used for reverse transcription (MultiScribe MuLV reverse transcriptase) of RNA. A Roche LightCycler PCR system real-time was used to run PCR reactions with SYBP green PCR master mixes (Roche) containing 0.4 mM gene specific primers. Real-time PCR results from each gene/primer pair were normalized to results of b-actin and compared across conditions. The following primers were used: LXRa: up-GTC GTA GCA AAC CAC CAA G, low-GGT ATG AAG TGG CAA ATC G; LXRb: up-TGA AGC GGC AAG AAG AGG AAC AGG, low-GGA CAC GAT GGC CAG CTC AGT AAA; atrial natriuretic factor (ANF): up-CAT CAC CCT GGG CTT CTT CCT, low-TGG GCT CCA ATC CTG TCA ATC; TNF-a: up-TGAACTTCGGGGTGATCGGTC, low-AGCCTTGTCCCTTGAAGAGGAAC; IL-6: up-CAC GAA GGC TGT GCT GTT T, low-ACT TGC TTC CCA CAC TGT TTG; MCP-1: up-TTA ACGCCCCACTCACCTGCTG, low-CAATGTAGGCCGAGAGTGCTG; and b-actin: up-AGATTACTGCTCTGGCTCCTA, low-CAAAGAAAGGGTGTAA AACG.
Incorporation of [ 3 H] leucine
To examine the effect of AngII on protein synthesis, the incorporation of [ 3 H] leucine was measured essentially by the method of Thaik et al. 18 Cultured RNCM were treated with AngII (1 mM) in the presence or in the absence of T1317 and co-incubated with [ 
Protein analyses
Total protein samples were extracted from left ventricles and subjected to SDS-PAGE and eletrotransferred to nitrocellulose membranes (Amersham). Western blot was performed using the Enhanced Chemiluminescence Detection System (Santa Cruz Biotechnology). A polyclonal antibody of anti-LXRa/b (Abcam) and a monoclonal antibody for pan-actin (SIGMA) were used. Protein content of TNF-a, MCP-1 in culture media of RNCM was measured by commercial cytokine assay service (AssayGate, Inc.) with BeadBased Suspension Protein Arrays.
Transfection and luciferase assay
The H 9 C 2 cells were purchased from the American Tissue Type Collection (CRL-1446). Cells were maintained in DMEM with 4 mmol/L L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, and 1.0 mmol/L sodium pyruvate, with 10% foetal bovine serum. Cells were grown on 24-well plates and allowed to become 60% confluent in complete medium. Transfection of p NF-kB -Luc, pANFa-Luc (Stratagene) was carried out using a transfection kit (Effectenew Transfection Reagent, Qiagen). After 24 h, cultured media were changed into serum-free media for 12 h. Then, cells were treated with T1317 (1, 5, and 10 mmol/L) or infected with adenoviral vectors for 23 h. Adenoviral vectors containing constitutively active forms of LXRa (ad-VP16-LXRa) and LXRb (ad-VP16-LXRb) were used. 19, 20 Ad-LacZ was used as control. Before harvesting, the cells were treated with AngII (1 mmol/L) for 15 min or LPS (10 ng/mL) for 5.5 h.
Statistics analyses
All quantitative results were presented as mean + SEM. Data were analysed by one-factor or two-factor analysis of variance followed by post hoc analyses with Bonferroni test to detect differences between experimental groups using GraphPad Prism and QuickCalcs software (GraphPad Software Inc.).
Results
LXRa is upregulated in hypertrophic heart induced by left ventricular pressure overload
To examine whether cardiac expression of LXRs alters in response to hypertrophy, the relative expression levels of both LXR subtypes in the heart were examined by real-time PCR measurement on samples from mice with TAC and sham operation. As expected, LXRa and LXRb were both expressed in the heart ( Figure 1A) . However, the expression of LXRb was substantially more abundant ( Figure 1A) . Realtime PCR analyses revealed that transcript levels of LXRa, but not LXRb, were markedly increased in RNA samples extracted from the left ventricles of TAC mice compared with those of sham mice ( Figure 1A) . Correspondingly, western blot revealed that LXRa protein was substantially more abundant in samples from TAC than those from sham mice ( Figure 1B) . These results suggest that LXRa may be involved in the adaptive responses in the development of cardiac hypertrophy.
Pressure overload induces exacerbated cardiac hypertrophy in LXRa null mice
We further assessed the in vivo relevance of LXR signalling in regulating the pathogenesis of cardiac hypertrophy. The 2 weeks TAC procedure in mice led to cardiac hypertrophy with increased heart mass and elevated ANF mRNA expression in the left ventricle of both LXRa KO and wildtype controlled mice when compared with sham controls (Figure 2) . However, heart mass and ANF mRNA were increased more markedly in LXRa KO than in WT mice (Figure 2A and B) . These results indicate that LXRa deficiency in the heart could lead to exacerbated cardiac hypertrophy in response to pressure overload.
The LXR agonist T1317 inhibits AngII-and LPS-induced cardiomyocyte hypertrophy
To investigate a potential role of LXRs as negative regulators of cardiomyocyte hypertrophy, we assessed the effect of LXR activation in AngII-induced cardiomyocyte hypertrophy. RNCM were cultured and treated with AngII (1 mmol/L) in the presence or absence of various doses of T1317 (1, 5, and 10 mmol/L). AngII induced cardiomyocyte growth with increased cell surface area, which was blunted by T1317 at the doses of 5 and10 mmol/L ( Figure 3A and B) . Whereas T1317 at various doses did not change the rate of leucine incorporation without AngII (data not shown), T1317 at the dose of 5 and 10 mmol/L inhibited leucine incorporation induced by AngII in cultured RNCM ( Figure 3B ). ANF is a well-defined hypertrophic marker in cardiac myocytes. 21 AngII but not T1317 induced a robust upregulation of ANF mRNA expression ( Figure 3C ). T1317 (5 and 10 mmol/L) at least partially abolished AngII-induced upregulation of ANF transcript ( Figure 3C) . Further, T1317 treatment blunted more than 50% of the robust rise of ANF promoter activity in cultured H 9 C 2 cells induced by AngII ( Figure 3D) . LPS, an endotoxin that is frequently used as inflammation inductor, can also induce pathological hypertrophic responses with upregulation of ANF in H 9 C 2 cell. 22 ANF promoter activity assay confirmed T1317 (10 mmol/L) substantially suppressed LPS-induced ANF activity compared with vehicle treatment ( Figure 3E) . These results suggest that T1317 may be an effective compound in inhibiting cardiac hypertrophy.
The LXR agonist T1317 inhibits AngII-and LPS-induced NF-kB activity
Since NF-kB signal pathway is involved in both inflammation and cardiac hypertrophy, we investigated the effect of T1317 on AngII-and LPS-induced NF-kB activity in cultured H 9 C 2 myocytes. A luciferase reporter construct containing five copies of the NF-kB binding site (pNF-kB-TK-Luc) was transiently transfected in cultured H 9 C 2 myocytes with the existence of T1317. Although T1317 did not induce basal change, luciferase assay revealed that T1317 suppressed both AngII-and LPS-induced upregulation of NF-kB activity ( Figure 4A and B) . Similarly, T1317 pretreatment substantially abolished LPS-induced TNF-a, IL-6, and MCP-1 transcript overexpression in cultured cardiomyocytes ( Figure 5A-C) . Furthermore, protein measurement revealed that the LPS-induced TNF-a and MCP-1 production in the cultured media of the above cardiomyocytes were similarly blunted by the treatment of T1317 ( Figure 6A and B) . Therefore, these results support that T1317 suppresses NF-kB activity to alleviate hypertrophic growth of cardiomyocytes under hypertrophic stimuli.
Adenoviral-mediated overexpression of constitutively active LXRa and LXRb suppressed NF-kB activity
We further examined whether there was any differentiated effect of each LXR subtype on their capacity to suppress NF-kB activity. Adenoviral vectors ad-VP16-LXRa and ad-VP16-LXRb were used to mediate overexpression of the constitutively active forms of LXRa and LXRb in cultured myocytes. Ad-LacZ was used as control. After treated with adenoviral (10 PFU) for 24 h, VP16-LXRa, VP16-LXRb, and LacZ overexpression induced similar basal activity of NF-kB reporter. VP16-LXRa overexpression substantially mitigated AngII-induced upregulation of NF-kB activity ( Figure 7A ). Similar suppression of VP16-LXRa overexpression on LPS-induced NF-kB activity was also revealed ( Figure 7B ). On the other hand, VP16-LXRb overexpression only suppressed AngII-but not LPS-induced NF-kB activity ( Figure 7A and B) . Therefore, it implicates that both LXRs suppress NF-kB activity and hence may serve as negative regulators of hypertrophic growth.
Discussion
In the present study, we investigated the effect of LXR activation on cardiac hypertrophy. Our findings indicate that LXRa mRNA level is significantly increased by TAC-induced left ventricular hypertrophy. TAC induces exacerbated cardiac hypertrophy in LXRa KO mice compared with wildtype control. LXR ligand, T1317, suppresses AngII-and LPS-induced hypertrophied responses by blocking NF-kB signalling. Both LXRa and LXRb appear to mediate the inhibitory effect of T1317 on NF-kB signalling, whereas LXRa may be more responsive to more varieties of hypertrophic stimuli.
Emerging evidence indicates that LXRs play important roles in lipid and glucose metabolisms, regulate cell proliferation and differentiation, and inflammation (see review 23 ). Recent evidence shows that LXRs are negative regulators of inflammatory responses in various systems of the body. 14, 23 However, it is unknown whether LXRs play a similar anti-inflammation role in the heart. Our current findings suggest that LXR activation may represent a negative regulation mechanism in cardiomyocytes under hypertrophic stimuli. Together with the finding that LXRa expression rose in response to pressure overload-induced cardiac hypertrophy in the in vivo heart, it becomes plausible that LXR signalling may be essential for the heart to cope with hypertrophic growth stimuli. As a matter of fact, TAC induced greater left ventricular hypertrophy in LXRa KO than in wild-type mice. This result proves that LXRa signalling may be involved in negatively regulating hypertrophic growth in response to pathological stimuli. Nevertheless, it remains unclear whether LXRb is also required for the heart to resist to pathological growth. With the exacerbated hypertrophic response in the LXRa KO heart, endogenous LXRb alone appears not sufficient to prevent pressure overload-induced hypertrophic growth of an in vivo heart.
The role of LXRs in lipogenic gene expression has been well documented. Since the LXRa KO mice had no detectable cardiac phenotypic changes in their life time (data not shown), it is not likely that a pre-existed condition of the LXRa KO heart exacerbated hypertrophic response. On the other hand, the current study does not exclude the possibility that combined changes in inflammatory and lipid metabolism mediating the anti-hypertrophic role of LXRs. Further studies on the role of LXRs in fatty acid and glucose metabolism of the heart should be insightful.
It has been well established that NF-kB activation is involved in the hypertrophic response of cardiomyocytes. 23, 24 The heart produces several inflammatory cytokines, including TNF-a, under various pathological stimuli that activate NF-kB signalling. 25 Targeted therapies to reduce cardiac TNF-a production can improve cardiac performance in post-ischaemic and failing hearts. 26 Elevated levels of circulating cytokines have been demonstrated in patients with heart failure. 27 Our current results show for the first time that a synthetic LXR ligand, T1317, exerted anti-hypertrophic effect in cardiomyocytes. The antihypertrophic effects of T1317 were demonstrated by its capacity in preventing AngII-induced cardiomyocyte enlargement, protein synthesis, and ANF-transcriptional activity. Moreover, T1317 suppressed AngII-and LPS-induced hypertrophic and inflammatory responses. Therefore, the antihypertrophic effect of T1317 appears to be involved in signalling pathways associated with inflammatory responses. Indeed, we found that T1317 suppressed NF-kB activity in cultured embryonic heart cells, suggesting that LXRs inhibit cardiac hypertrophy and inflammation via the NF-kB signalling pathway. Furthermore, we provide evidence to support the inhibitory effect of T1317 treatment on LPS-induced expression of NF-kB target genes in cultured cardiomyocytes. This finding is consistent with previous studies on many other cell types. Since T1317 is a synthetic ligand that can activate both LXRa and LXRb, we further explored the direct effects of each subtype of LXRs on AngII-and LPS-induced inflammation and hypertrophy in cultured cardiomyocytes by assessing the effects of adenoviralmediated overexpression of constitutively active forms of LXRa and LXRb. The VP16-LXRa and VP16-LXRb fusion proteins encoded by these vectors show enhanced constitutive activity. 19, 20 It is not immediately clear why only the constitutively active LXRa, but not LXRb, directly inhibits LPS-induced NF-kB signalling. Since overexpression of the VP16-LXRb also blunted AngII-induced NF-kB activation, it is plausible that both subtypes of LXRs are potentially involved in negative regulation of inflammation and hypertrophic growth of the heart. However, LXRa may be more responsive and plays an even broader and more active role in regulating stresses exerted onto the heart. While a majority of studies on various tissues and cells consistently confirm the anti-inflammation effect of LXR activation, a recent study unveiled that LXR activation potentiates LPS response in cultured human macrophages by promoting activation of the Toll-like receptor (TLF)-4 signalling pathway. 28 However, we could not detect any change in TLF-4 expression in cultured cardiomyocytes treated with T1317 at various time points (data not shown). Therefore, it is likely that LXR may not regulate TLF-4 signalling in cardiomyocytes as it does in macrophages. A recent study demonstrated that LXR activation suppresses AngII receptor I (ATI) expression in smooth muscle cells. 29 However, the acute effect of LXR on inhibiting NF-kB signalling excludes this possibility. Furthermore, there is no detectable cardiac hypertrophy in the LXRa null mice. It is not likely that the lack of LXRa in the heart triggers elevated ATI expression. Therefore, it appears that the activated LXR exerts antihypertrophic effect via direct suppression of NF-kB signalling.
Taken together, the present study has demonstrated that LXR activation exerts anti-hypertrophy effect in cardiac myocytes via inhibiting NF-kB signalling in response to pathological stimuli. This finding should provide new insights into the role of LXR signalling in the heart and how it is involved in negative regulation of pathological growth of the heart. With similar findings in regard to the LXRs' antiinflammation roles on many other tissues and cell types, the current findings may support further preclinical trial on the use of synthetic ligands targeting to LXRs for the treatment of cardiac disorders. 
